Schwann cell (SC) implantation alone has been shown to promote the growth of propriospinal and sensory axons, but not long-tract descending axons, after thoracic spinal cord injury (SCI). In the current study, we examined if an axotomy close to the cell body of origin (so as to enhance the intrinsic growth response) could permit supraspinal axons to grow onto SC grafts. Adult female Fischer rats received a severe (C5) cervical contusion (1.1 mm displacement, 3 KDyn). At 1 week postinjury, 2 million SCs ex vivo transduced with lentiviral vector encoding enhanced green fluorescent protein (EGFP) were implanted within media into the injury epicenter; injury-only animals served as controls. Animals were tested weekly using the BBB score for 7 weeks postimplantation and received at end point tests for upper body strength: self-supported forelimb hanging, forearm grip force, and the incline plane. Following behavioral assessment, animals were anterogradely traced bilaterally from the reticular formation using BDA-Texas Red. Stereological quantification revealed a twofold increase in the numbers of preserved NeuN+ neurons rostral and caudal to the injury/graft site in SC implanted animals, corroborating previous reports of their neuroprotective efficacy. Examination of labeled reticulospinal axon growth revealed that while rarely an axon was present within the lesion site of injury-only controls, numerous reticulospinal axons had penetrated the SC implant/lesion milieu. This has not been observed following implantation of SCs alone into the injured thoracic spinal cord. Significant behavioral improvements over injury-only controls in upper limb strength, including an enhanced grip strength (a 296% increase) and an increased self-supported forelimb hanging, accompanied SC-mediated neuroprotection and reticulospinal axon growth. The current study further supports the neuroprotective efficacy of SC implants after SCI and demonstrates that SCs alone are capable of supporting modest supraspinal axon growth when the site of axon injury is closer to the cell body of the axotomized neuron. 207 208 SCHAAL ET AL.
INTRODUCTION
apies aimed at the promotion of axon growth (59, 86, 134, 142) , remyelination (17, 22, 64, 71, 73) or neuroreplacement (37,126, 137, 150) . Among the most successful The spinal cord is a critical communication pathway for facilitating the bilateral transmission of sensory and strategies for SCI repair are those that involve exogenous cell implantation (105, 106) , often when combined motor modalities between the brain and the periphery. Injury to this structure often results in permanent paraly-with additional pharmacological or molecular therapies (105, 106) . sis and lifelong disability (92) . Treatments to target spinal cord injury (SCI) in experimental models have fo-
The implantation of peripheral nerve grafts into the spinal cord was first used to demonstrate that, contrary cused on (i) protecting the spinal cord from secondary injury that results from excitotoxic, ischemic, oxida-to the historical perspective, central axons were capable of regeneration if a permissive growth environment was tive, and inflammatory mediators generated after the initial mechanical trauma (7, 12, 13, 131, 139) and/or (ii) provided (1,34). Since these studies, a wide variety of cell therapies have been employed for SCI repair, in-repairing the injured spinal cord through the use of ther-cluding fetal tissue (5), embryonic spinal cord tissue originally performed by Richardson and colleagues (125) demonstrating that heterogenous SC implants (i.e., (15, 20, 124) , fibroblasts (84) , Schwann cells (SCs) (22) , olfactory ensheathing glia (OEG) (78,79,117,121,122, PN grafts) could support central axon growth from neurons in the brain when they were implanted into the cer-138), macrophages (47) , stem and neural progenitor cells (26,91), or bone marrow stromal cells (86) . Studies vical, but not the thoracic, spinal cord, implying that the location of axon injury from the cell body could influ-with cellular implants have shown that they are capable of ameliorating many of the deficiencies associated with ence the regenerative potential of the neurons. Further work in other areas of CNS regeneration such as the SCI and can create a growth-promoting environment that is important in sustaining significant repair and optic system corroborated these findings (60) and more recent studies have proposed mechanisms for this "cell functional restitution (105, 107) .
Schwann cells, the myelinating glia of the peripheral body response" (52) that include the differential expression of regeneration associated genes (RAGs) (44,118) nervous system (PNS), have been used extensively to facilitate tissue protection and support both axon growth and the failure of long-distance retrograde injury signaling (18, 58) . In addition, the level of SCI is not only and remyelination in multiple SCI paradigms (22, 64, 66, 104, 109, 111, 138, 152) . The beneficial effects of SC important as a molecular determinant for the regenerative efficacy of a putative therapy, but also is a signifi-implants can be attributed to the diverse array of molecules they secrete, including extracellular matrix pro-cant factor that must be taken into account clinically, in that of the 11,000 new cases of SCI annually, 28% are teins, cell adhesion molecules, and growth factors (16, 23, 27, 89, 135 ) that modify the extrinsic injury milieu to cervical contusive/compressive type injuries (35) . The possibility that greater regenerative potential may exist one more favorable for axon growth, as well as to their normal physiological function, in the guidance (145) , when a cell therapy is employed within the injured cervical cord, the clinical significance of this injury type, ensheathement, and myelination of PNS axons (24, 25) . In the injured thoracic spinal cord, SC implantation has and our recent ability to perform and characterize a novel model of cervical contusive injury (108) make this been shown to prevent secondary tissue damage (109, 138) , support the growth of sensory and propriospinal an attractive paradigm for studying therapeutic interventions. In the current study we investigated, using a con-axons (24, 55, 151, 153, 154) , facilitate remyelination (64, 104, 110, 138, 153) , and modestly improve functional re-tusive cervical SCI model, if the subacute implantation of SC implants closer to the cell body of injured axons covery (8, 138) . SCs, however, have been largely ineffective in migrating outwards into surrounding host tis-would enable them to promote reticulospinal axon growth and improvements in forelimb function. sue (111) or supporting long-tract descending axon growth and facilitating substantial improvements in gross locomotor performance (109, 111, 138) . Only when MATERIALS AND METHODS SCs are used in combination with various additional Cell Culture and Viral Vector Preparation strategies, neurotrophins (NT) (48, 49, 95, 132, 153) , cyclic AMP elevation (110) , chondroitinase ABC (46) , or Schwann Cell Culture. SCs were obtained from sciatic nerves of adult female Fischer rats (Harlan Sprague through their coimplantation with OEG (109, 111) can the support of long-tract descending axon growth and Dawley, Indianapolis, IN) as described previously (98) . Briefly, the nerves were minced and placed in culture greater improvements in functional recovery be achieved. The capacity of SCs to support descending dishes in DMEM (Gibco, Grand Island, NY)/10% heatinactivated fetal bovine serum (FBS) without mitogens. axon growth, however, may be limited not only by the injury/graft milieu (the extrinsic environment), but also Two weeks later, after outward migration of fibroblasts, the explants were transferred to new dishes where they by the distance of the implant/injury site from the cell body (the intrinsic potential).
were enzymatically dissociated and then replated in DMEM/10% FBS supplemented with three mitogens: To date, purified SC implants have been performed exclusively in thoracic SCI models, a significant dis-bovine pituitary extract (2 mg/ml, Invitrogen Corporation, Carlsbad, CA), forskolin (0.8 µg/ml), and heregulin tance from the location of the neuronal somata of descending tracts that project long axons originating from (2.5 nM, Genentech, San Francisco, CA) (94) . Frozen stocks were prepared after SCs were passaged two times the brain, particularly the corticospinal tract. This contrasts many other cell grafting strategies that have pre-by suspending them at a concentration of 3 × 10 6 cells/ 1.5 ml of DMEM/30% FBS and 8% dimethyl sulfoxide dominantly employed cervical injuries, particularly spinal cord hemi-and discrete tract transections, to (DMSO; Sigma, St. Louis, MO) and stored at −80°C overnight. Following overnight storage at −80°C SC ali-demonstrate the cells' capacity to support significant axon growth from descending axonal systems (36,39, quots were kept in liquid nitrogen until required for implantation. Prior to use, frozen cells were replated and 72,102,103,144). Included within these studies are those grown to 70-80% confluency. Purity of SCs was deter-were subsequently expanded to generate frozen stocks (as described above). At 1 week prior to surgery, GFP mined to be >95% as assayed by the comparison of p75 immunoreactivity to Hoechst (100 µM Hoechst nuclear SCs (second passage) were thawed and grown to confluency. At 30 min prior to surgery, SCs were then har-dye; Sigma) counterstained cells.
vested and aliquoted at 2 × 10 6 cells in 50 µl of DMEM. These aliquots were then briefly centrifuged (1500 rpm) Lentiviral Vector Preparation. Vector preparation was performed as previously described by Follenzi and and kept at 4°C until the time of implantation. Immediately prior to grafting the medium was removed from colleagues (45) . Briefly, the gene encoding enhanced green fluorescent protein (EGFP) was subcloned into a the SC pellet and cells were resuspended to a volume of 6 µl for injection into the injured spinal cord. lentiviral vector plasmid. This plasmid contained the cytomegalovirus (CMV) promoter to drive transgene ex-Animals pression and the woodchuck posttranscriptional regulatory element (WPRE) to enhance mRNA transport. The Adult female Fischer rats (Harlan Co., n = 52; 180-200 g) were housed according to NIH and the Guide for plasmid was purified using an Endofree Maxiprep Kit (Qiagen, Valencia, CA) and dissolved at 1 µg/µl in a the Care and Use of Animals. All animal procedures were approved by the University of Miami Miller buffer containing 10 mM Tris-HCl (pH 8.0), and 1 mM EDTA (TE). Transfection of plasmids and viral harvest-School of Medicine Institutional Animal Care and Use Committee (IACUC). Prior to surgery, rats were anes-ing was conducted in cultured 293T cells. Transfection of the 874 packaging plasmid, VSV-G (pCMVdR8, con-thetized with 1-2% halothane in a mixture of 70% nitrous oxide and 30% oxygen. An adequate level of anes-taining lentiviral structural genes and pMD2.VSVG for pseudotyping) and the transfer plasmids, containing the thesia was determined by monitoring the corneal reflex and the withdrawal of the hindlimbs to a brief painful HIV-1 cis-acting sequences and an expression cassette for the transgene driven by the CMV promoter and the stimulus. The head and/or neck region was shaved and aseptically prepared with chlorhexidine (Phoenix Phar-WPRE (pRRLsin.PPT.CMV.EGFP.WPRE), was performed using calcium phosphate in 10-cm dishes con-maceutical Inc., St. Joseph, MO). Lacrilube ophthalmic ointment (Allergan Pharmaceuticals, Irvine, CA) was taining IMDM medium (Gibco) supplemented with 10% FBS and 50 µg/ml gentamicin (Gibco). The cellular den-applied to the eyes to prevent drying. Throughout the surgery, the rats were kept on a homeothermic blanket sity of 293T cells at time of transfection was approximately 5 × 10 6 cells per dish. These cultures were incu-system (Harvard Apparatus Ltd., Kent, UK) to maintain body temperature at 37 ± 0.5°C as assessed by rectal bated overnight in the transfection solution at 37°C, 5% CO 2 . The next day the medium was refreshed and on the probe. subsequent day the virus was harvested by removing and collecting the medium. The medium was then spun Cervical Spinal Cord Contusion. Cervical contusion injury was created as previously described (108) by spi-down at 1500 rpm for 5 min and the supernatant filtered through a 0.2-µm filter to remove cell debris. Virus was nal cord displacement using the Electromagnetic SCI Device developed at Ohio State University (67). Follow-concentrated by ultracentrifugation at 20,000 × g and resuspended in phosphate-buffered saline (PBS). Viral ing anesthesia, a longitudinal incision was made along the cervical vertebra followed by the retraction of the vectors were titered for transducing units either on 293T cells or by using an enzyme-linked immunosorbent superficial muscle and skin. A laminectomy performed at cervical vertebra C5 exposed the dorsal surface of the assay (ELISA; Perkin Elmer, Wellesley, MA) for quantifying p24 core protein concentrations, according to the spinal cord underneath without damaging the dura mater. Stabilization clamps were placed around the ver-manufacturer's instructions. Purified viral vector stocks were stored at −80°C until SC infection.
tebrae at C2 and T2 to support the column during impact. The injury was induced by the circular flap tip of the impactor probe (made of methylmethacralate, 4 mm Transduction and Preparation of Schwann Cells for Implantation. Lentiviral vector-GFP (LV-GFP) concen-diameter) which transduces a force of ϳ3 KDyn (as indicated by the force transducer). The exposed C5 spinal trated in PBS was used to infect SCs. Cultures were infected by the addition of a predetermined volume of cord was severely injured by a brief (<20 ms) spinal cord displacement of 1.10 mm. This impact produces a concentrated virus in DMEM with 10% FBS and mitogens and then incubated overnight at 37°C, 5% CO 2 . A consistent injury as measured histologically and behaviorally in an earlier study (108). After injury induction, multiplicity of infection (MOI) of 50 was used in all cultures to ensure high transduction efficiency (95- the deep and superficial muscles were sutured in layers and the skin closed with sutures. The rats were allowed 98%) with an absence of toxicity. After overnight infection, the culture medium was refreshed and SC cultures to recover in a warmed cage with water and food easily 210 SCHAAL ET AL.
accessible. Gentamicin (5 mg/kg, intramuscular; Abbott Histology Laboratories, North Chicago, IL) was administered im-Transcardial Perfusion and Tissue Preparation. At mediately postsurgery and then daily for 7 days. The 8 weeks after injury (7 weeks posttransplantation), rats analgesic, Buprenex (0.01 mg/kg of 0.3 mg/mL, subcuwere deeply anesthetized (2.57 mg ketamine, 0.51 mg taneous; Reckitt Benckiser, Richmond, VA) was delivxylazine, and 0.09 mg acepromazine per 50 g body ered postsurgery and daily for 2 days. Animals were weight), 0.1 ml heparin was injected into the spleen, and placed into three groups according to treatment: uninthe rats were transcardially perfused first with 200 ml of jured (n = 16), injured [n = 18 (14) ], and injured with physiological saline and then with 500 ml of ice-cold GFP SC implants [n = 18 (13) ]. We experienced an PBS, 4% paraformaldehyde (0.1 M, pH 7.4). The brain overall mortality of 25.0% due to the severity of the and spinal cord were removed and postfixed overnight injury. Final animal numbers for each group are thus in the same fixative at 4°C and then transferred either to presented in parentheses. All of these early morbidities phosphate-buffered 30% sucrose/0.1% NaN 3 for 48 h at were observed within the first 24 h after cervical SCI.
4°C for tissue cryoprotection (cryostat sectioning) or postfixed for 5 days in the fixative (refreshed daily, par-GFP-Labeled Schwann Cell Implantation. One week affin embedding). The C2 (5-mm-long piece) and C4-6 postinjury, 2 × 10 6 GFP SCs in 6 µl DMEM-F12 mecervical spinal cords (20-mm-long piece), which condium were injected into the contused area using a procetained the complete lesion and graft site, were dissected dure that was modified from that described previously and either embedded in paraffin (n = 7-10 per group, (138) . Briefly, a C5 relaminectomy was performed to neuronal cell counts) or in tissue-tek OCT (Sakura expose the site of injury. A stabilization clamp was Americas, Torrance, CA) (n = 5-6 per group, anteroplaced on spinous process T2 to prevent damage to the grade tracing) to prevent further damage during histospinal cord from respiratory movements during the inlogical procedures (8). For cervical spinal cord pieces jection procedure. Prepared GFP SCs were then stereothat were to be used for paraffin embedding, a 1-mm tactically injected into the epicenter of the contusion inblock was first removed from the injury epicenter and jury. Injections were performed using a 10-µl Hamilton transferred to 2% glutaraldehyde for use in the preparasyringe with a pulled, beveled glass pipette tip (200 µm tion of semithin sections (for counts of spared central diameter), held in a micromanipulator with a microinjecmyelinated axons). The remaining spinal cord was partor capable of delivering a specific volume over time affin embedded and transverse sectioned at 10 µm on a (World Precision Instruments Ltd, Sarasota, FL). Both microtome for use in the stereological quantification of the glass pipette tip and syringe were siliconized to prethe numbers of preserved neurons through computervent cell adhesion. Injections were administered over a assisted microscopy. Every second section was collected 3-min period, and the injection pipette was kept in place during sectioning and mounted in 5 series (each section for an additional 3 min to minimize leakage upon withseparated by a 100-µm interval) onto Snowcoat X-tra drawal. After the injections, the muscle layers and the slides (Surgipath, Winnipeg, Manitoba, Canada) and skin were closed separately and animals received poststored until required for immunohistochemistry. Tissueoperative care as described above. Injury-only controls tek-embedded spinal cords were sagittally sectioned at received no spinal cord injections.
25 µm on a freezing microtome for use in the analysis of EGFP SC axon growth support after anterograde tract Anterograde Tracing of the Reticulospinal Tract. To tracing from the reticular formation. Every section was assess numbers of reticulospinal axons rostral to and collected during sectioning and mounted in 4 series within the lesion/graft site, animals were anterogradely (each section separated by a 100-µm interval) onto traced from the medial reticular formation at 6 weeks Snowcoat X-tra slides (Surgipath) and stored at 20°C after GFP SC implantation. Animals were anesthetized until further processing. and the head shaved and aseptically prepared. A 2-cm square of calvaria was removed around a point 10.8 mm caudal to bregma (BR). Bilateral injections (0.5 µl each)
Plastic Embedding for Central Myelinated Axon Counts. The 1-mm portion of spinal cord encompassing of 2% biotin dextran amine (BDA) conjugated to Texas Red (Vector Laboratories, Inc., Burlingame, CA) were the injury epicenter was saved for plastic embedding to generate semithin sections. After postfixation, the blocks performed at 0.6 mm lateral to BR −10.8 mm, at a depth of 9.0 mm using a 1-µl Hamilton syringe. The exposed were transferred to 2% glutaraldehyde and prepared as previously described (152) . The 1-mm block was then brain region was covered with gelfoam and the skin was sutured closed. Postoperative care was provided as de-cut into 1-µm transverse semithin sections for the counting of spared, central myelinated axons. scribed above.
Immunohistochemistry. To identify neuronal cells in axons were determined by random sampling (148) of three spinal cord regions: the dorsal, lateral (bilaterally), collected transverse sections, they were immunohistochemically stained following a previously described pro-and ventral white matter using computer-assisted microscopy. In toluidine blue-stained, 1-µm-thick trans-tocol (8). Each section was first deparaffinized, rinsed in citrate buffer for antigen retrieval, and then stained verse plastic sections (3 sections per animal from a 1-mm spinal cord block encompassing the injury epicen-using a monoclonal antibody to recognize neuronal nuclei, NeuN (1:200; Chemicon, Temecula, CA). Sections ter) the perimeter (contour) of each of these three areas was outlined and then scanned using a fractionator grid were additionally stained with a polyclonal antibody to glial fibrillary acidic protein for the identification of of 50 µm 2 in size. The magnification used for all counts was 630× with oil immersion. In the center of the frac-astrocytes and general spinal cord architecture (GFAP; 1:2000; DAKO, Carpinteria, CA). Fluorescent second-tionator grid, a 10-µm 2 dissector probe was present. All myelinated profiles within this dissector probe were ary antibodies were then used: Alexa 594-conjugated goat anti-mouse and Alexa 488-conjugated goat anti-counted with adjustments for those crossing the border of the probe and for the thickness of the section. Differ-rabbit (1:200 Molecular Probes). For the sagittal sections, GFAP staining was used in conjunction with fluorescent ent probe markers were employed for each white matter region to permit separate counts of central myelinated EGFP SCs and BDA-Texas Red labeled reticulospinal axons. An Alexa 660-conjugated donkey anti-rabbit axons. In this way a fraction of each white matter area was analyzed (optical fractionator method) (148) . For flourescent secondary antibody was then used (1:200; Molecular Probes). After staining, all sections were in-proper use of this technique, a minimum number of 150-300 myelinated axons is required per white matter cubated with the nuclear counterstain Hoescht (Sigma). The sections were coverslipped with Vectashield Hard area. Stereoinvestigator 5.05.2 software (MicroBrightfield Inc.) was employed for systematic random sam-set mounting medium (Vector Laboratories Inc., Burlingame, CA) for microscopic evaluation.
pling. Estimation of the total number of preserved, central myelinated axons was calculated using the formula: Stereology (total area within respective contour/total area sampled by fractionator grid) × sum of all axons counted (108). Determination of Neuronal Preservation. In semithin sections taken from the injury epicenter (1-mm block, i.e., 0-500 µm rostral and caudal to the immediate im-Quantitative Assessment of Traced Reticulospinal Axons. BDA-Texas Red-labeled reticulospinal axons were pact site) we did not observe any preserved neuronal perikarya among all injured samples. In immunochemi-examined in every fourth section of the C2 and C4-6 cord segments (i.e., every 100-µm interval spanning the cally stained transverse sections at subsequent 500-µm intervals rostral and caudal to the injury epicenter for up width of the spinal cord) at 7 weeks postimplantation. Labeled axons were visualized using fluorescence mi-to 2500 µm, NeuN-positive neurons were quantified in three regions: the dorsal horn, the intermediate gray, and croscopy. The number of BDA-labeled axons for each animal was determined by counting all labeled axons the ventral horn. Images of each transverse section were obtained using 100× magnification on a Zeiss Axiophot crossing imaginary lines placed perpendicular to the rostral-caudal cord axis at 2000 and 500 µm rostral to the microscope (Carl Zeiss, Inc., West Germany) equipped with an Optronics digital camera (Optronics, Goleta, graft-host or injury-host interface (identified by the GFAP-EGFP or GFAP+-GFAP− border) and at the epi-CA). These cervical cord images were reviewed using Adobe Photoshop 7.0 software (Adobe Systems, Seattle, center of the graft/injury site under oil immersion with 630× magnification. The number of fibers from each WA) and the total number of preserved neurons was recorded from a given cervical cross section based on section, approximately 20 sections per spinal cord, was then summed for each rat. To estimate the number of manually encircled presumptive NeuN-stained perikaryal bodies from laminae II-III of the dorsal horn, labeled axons per section, the totals were then divided by the number of sections examined. Tracing efficiency laminae IV-VII of the intermediate gray, and laminae VIII-IX of the ventral horn bilaterally. The number of was also examined across animals by determining the number of labeled reticulospinal axons present within NeuN-positive neurons at each interval, within each region, was then averaged across groups to allow statisti-the C2 spinal cord by the same perpendicular line method and through confirmation of correct targeting of cal comparison of the spatial profile of neuronal preservation across treatment groups.
the medial reticular formation through visualization of the bilateral injection sites. In one BDA-Texas Red traced animal (from the injury-only group) very low Analysis of Preserved Central Myelinated Axons. Estimated total numbers of preserved, central myelinated numbers of labeled axons were observed in the C2 re-gion and thus the animal was excluded from further were evaluated with either their head or tail facing the raised side of the board. quantitative analysis.
Statistical Analysis Behavioral Testing
A one-way ANOVA followed by a Bonferroni post-Prior to injury, all animals were evaluated to establish test was used for comparing counts of preserved, central baseline scores on all the behavioral tests employed. myelinated axons and end point behavioral test scores. After injury, animals received weekly open field loco-A two-way ANOVA with a Bonferroni posttest was emmotor testing and then at end point (8 weeks postinjury) ployed for comparison of the spatial preservation of were assessed using various forelimb tests as described NeuN-positive neurons among uninjured and injured cobelow (n = 16, uninjured; n = 13, SCI; n = 14, SCI + SCs/ horts. Lastly, a repeated measures ANOVA with a Bongroup). All behavioral scoring was carried out by two ferroni posttest was used for comparisons of weekly BBB observers who were blinded to the experimental procescores. Differences were accepted to be statistically sigdures performed on each animal. nificant at *p < 0.05, **p < 0.01, and ***p < 0.001. All BBB Open Field Locomotor Score. Hindlimb perforerrors are given as the standard error of the mean. mance was evaluated using the open field locomotor test developed by Basso et al. (9, 10 To determine if SC implantation could reduce sec-(39). Briefly, the stimulus employed for active grasping, ondary cell loss within motor and sensory neuronal a 12-cm-long metal rod (1.8 mm in diameter), was appools of the injured cervical enlargement, we compared plied to the volar surface of the forepaw and the rat was numbers of NeuN immunoreactive neurons in distinct evaluated for volitional grasping (grasp and release lamina regions at specific distances rostral and caudal time). To assess the ability of the rat to grasp and mainto the injury epicenter to injury-only controls. Like a tain proximal control, the rats were tested as they held contusive injury to the thoracic spinal cord level, a ceron to the suspended rod. The rod was elevated above vical contusion results in a progressive loss of neurons the surface to prevent the body/tail from contacting the that extends longitudinally from the injury epicenter in table, thus receiving support. The number of seconds a cone-like fashion (108). Careful examination of plastic that the rat held onto the rod was recorded. This test was sections taken from the injury epicenter and the initial repeated five times and the hanging time was averaged NeuN-stained sections that were closest to the impact across the five tests for each animal. site from the rostral and caudal paraffin blocks revealed Forelimb Grip Strength Test. Forelimb strength was that no preserved neuronal perikarya were present within measured using a grip strength meter (San Diego Instruall spinal cord laminae of animals from both injury ments, San Diego, CA) at 8 weeks following contusion groups (Fig. 1) . Examination of subsequent 500-µm inaccording to the Meyer method (96, 97) . The animal was tervals extending a further 1000-2500 µm from the ingently held and permitted to grasp with its forelimbs a jury epicenter showed that NeuN-positive neurons were mesh grip attachment that had been placed on the digital present in numbers that were inversely proportional to force gauge. The animal was then drawn along a straight the distance from the injury site ( Fig. 1 ). line leading away from the sensor until the animal re-Dorsal Horn Neurons. Counting of dorsal horn neuleased the grip mesh. At this point, the maximum grip rons that are important for mediating afferent sensory strength was attained and displayed. The average readtransmission showed that there was a significant loss of ing (in Newtons) of three consecutive trials was taken these cells following cervical contusion injury for at for each animal.
least 2500 µm from the injury epicenter in both directions along the rostral-caudal axis. At distances of 1500 Bidirectional Inclined Plane. At 8 weeks after injury, rats were tested on an incline plane apparatus. The and 2500 µm rostral to the injury epicenter, numbers of dorsal horn neurons had decreased by 83% and 67%, rats were placed in the horizontal position on a flat platform. The angle of inclination was then gradually in-respectively, compared to uninjured controls (Figs. 1A, 2A, C). Similar reductions after injury were observed creased to the vertical position from a starting angle of 30°, at a rate of 2°per second, until the rat was unable caudally with decreases of 84% and 47% at distances of 1500 and 2500 µm. The implantation of SCs signifi-to remain at its starting position (155) . This angle was recorded for three trials per testing session. Animals cantly abated neuronal cell loss in the dorsal horn at 1500 and 2500 µm rostral to the injury epicenter, with In addition to the neuroprotective effects of SCs, this increase in the survival of ventral horn neurons may be decreases of only 65% (p < 0.01) and 37% (p < 0.001), respectively ( Fig. 1A, 2B Numbers of preserved, oligodendrocyte myelinated axons were quantified within the dorsal, lateral, and ven-largely as inhibitory interneurons involved in the control of reactivity and fine movement of the forelimbs, re-tral white matter regions of transverse semithin sections using computer-assisted microscopy. Preserved oligode-vealed a similar extent of neuronal loss as seen in the dorsal horn. At distances 1500 and 2500 µm rostral to ndrocyte myelinated axons were differentiated from central and peripheral myelinated axons that had been the injury epicenter, numbers of intermediate laminae neurons had decreased by 97% and 59%, respectively, newly myelinated based on specific morphological features as previously described (110) . In comparison to the compared to uninjured controls (Figs. 1B, 2A, C). Similar reductions were observed caudally, though only at uninjured C5 cervical cord, a severe cervical contusion injury resulted in a dramatic reduction in the numbers distances greater than 2000 µm from the injury epicenter. At 2500 µm caudal to the injury, a 71% decrease of central myelinated axons within the dorsal (66% decrease) (Fig. 3A) , lateral (52% decrease) (Fig. 3B) , and was observed. The implantation of SCs significantly prevented neuronal cell loss in the intermediate laminae ventral (62% decrease) ( Fig. 3C) white matter regions at the injury epicenter. The implantation of SCs into the at 1500 and 2500 µm rostral to the injury epicenter, with decreases of only 78% (p < 0.001) and 26% (p < 0.001), lesion site at 1 week postinjury, however, was unable to significantly abate the loss of central myelinated axons respectively (Figs. 1B, 2B, D) . Protection of intermediate lamina neurons was also seen caudally but only at in the dorsal and ventral white matter areas compared to injury-only controls (Fig. 3A, C) . However, SC implan-2500 µm, where the decrease was 49% (p < 0.001). Again no significant improvement in neuroprotection tation protected the lateral white matter to a certain extent (41% increase over injury-only controls). occurred at 1000 µm or less from the injury site.
Schwann Cell Implants Were Supportive Substrates
Ventral Horn Neurons. Motor neurons, critical to the for the Growth of Reticulospinal Axons voluntary movement of the forelimbs, were quantified within the ventral horn and were found to have also dra-
The employment of GFP-labeled SC implants permitted analysis of traced supraspinal axons either within matically decreased in number after cervical injury. Numbers of ventral horn motor neurons were reduced distinct regions of the host cord or the SC implant itself. Anterogradely traced reticulospinal axons were quanti-by 85% and 49% at distances 1500 and 2500 µm rostral to the injury epicenter, respectively (Figs. 1C, 2A, C) .
fied at four distinct regions by counting the number of axons crossing perpendicular lines at C2 (a region used Caudal decreases in neuronal cell counts were likewise seen at 2500 µm where there was a 57% decrease. The to ensure tracing efficiency was comparable among all animals), at distances 2000 and 500 µm rostral to the implantation of SCs significantly abrogated neuronal cell loss in the ventral horn at 1500 µm rostral to the graft-host or injury-host interface and lastly within the center of the lesion/implant. At C2 and at 2000 and 500 injury epicenter, with a decrease of only 52% (p < 0.001) (Figs. 1C, 2B, D) . At 2500 µm rostral, SC-im-µm rostral to the graft-host or injury-host interface, no significant difference in the number of traced reticulo-planted animals, unlike injury-only controls, did not show a decrease in counts of ventral horn neurons com-spinal axons present was observed among groups (Fig.  4) . Within the lesion epicenter, unlike injury-only con-pared to uninjured controls, whereas at 2500 µm caudal, SC-implanted animals showed a decrease of 32% (p < trols where rarely a reticulospinal axon was able to penetrate the lesion milieu (1 axon/section) ( Fig. 5B ), SC 0.001) resulting in significantly greater neuronal cell preservation compared to injury-only controls. Unlike implants were a supportive environment for the growth of reticulospinal axons (10 ± 2, p < 0.001). In other models the dorsal and intermediate laminae, a significant increase in the number of surviving neurons was observed of contusive SCI, the survival of implanted GFP-labeled SCs has been stereologically quantified by our group in the ventral horn within 1000 µm of the injury epicenter (p < 0.05). and reported to be approximately 20% of the original number of transplanted cells through 9 weeks postinjury (8,111). Thick myelinated and thinner reticulospinal axons were both found within SC implants (Fig. 5A, C) . Although reticulospinal axons were observed within the SC implant and, to a lesser extent, caudally, the inability to trace axons from the implant into the caudal contiguous spinal cord (due to section thickness) and the rare presence of a traced reticulospinal axon caudal to the lesion in injury-only controls made it impossible to discern whether reticulospinal axons were able to extend across the SC implants or if these axons had originally been spared after injury.
Schwann Cell Implantation Did Not Enhance Open Field Locomotion But Did Result in Improvements in Forelimb Grasping and Upper Body Strength
Open field locomotion was assessed weekly postinjury using the BBB rating scale (10) . Injury-only and injured, SC-implanted animals exhibited paralysis/weakness in both fore-and hindlimbs and were largely incapable of ambulation in the open field during the first 3 weeks (Fig. 6) . The emphasis of the BBB score on hindlimb functionality meant that scores assigned during this period were assigned for joint movements of the hindlimbs. Animals from both injury cohorts were not able to weight support until 6 weeks after contusion and at end point no difference in BBB scores was observed between SC-implanted (BBB 8.9 ± 0.2) and injury-only controls (BBB 8.5 ± 0.2) (Fig. 6) .
The weight-support forelimb hanging test was used to determine the average time that the animals could support their own weight from a suspended rod using their forelimbs. This test was conducted five times at the end point of the study and an average time was obtained per animal. Uninjured animals were able to self-support their weight for an average time of 11.0 ± 0.5 s (Fig. 7) . A significant decrease in the time in which animals were able to suspend themselves was observed after injury (1.4 ± /0.3 s), due to an exhibited severe weakness in the shoulders, forearms, and paws of the animals. Injured animals that received a Schwann cell implant were able to self-support their weight for a significantly longer pe- force to 0.11 ± 0.02 Nؒm. In animals that were injured and received a SC implant, there was much lower, 63% within the injured cervical spinal cord was an important undertaking for several reasons. (i) Contusive/compres-reduction in grip force to 0.42 ± 0.04 Nؒm, a significant improvement over their injury-only counterparts (p < sive injuries to the cervical spinal cord account for the largest percentage of human SCI cases, 28% (35), for 0.001) (Fig. 7B) .
Lastly, a bidirectional incline plane test was per-which we have recently developed a novel cervical contusion paradigm (108). (ii) It has been reported that neu-formed at end point to quantify changes in upper and lower body strength as the animals tried to support rons exhibit a greater regenerative capacity when their axons are injured closer to the neuronal somata, "the cell themselves on a platform that was slowly raised at one end to create steeper levels of incline. Uninjured ani-body response" (52, 118) . It could be predicted that SC implants would then be more effective in cervical as op-mals, when placed with their head facing upwards (towards the incline) or downwards, were able to support posed to thoracic SCI, a phenomenon that has been previously reported with PN grafts (125) . (iii) The fore-themselves to an average incline of 58.0 ± 0.5°or 55.8 ± 0.5°, respectively (Fig. 7C, D) . Injury to the cervical limbs exhibit greater agility and thus are more amenable to a variety of fine motor tests (108,130,146) permitting cord significantly reduced the angle at which animals were able to support themselves on the platform when greater refinement and resolution in the ability to measure the efficacy of a therapy (127) . (iv) Injury to a re-positioned with either their head up (50.3 ± 0.8, p < 0.01) or down (39.9 ± 0.9, p < 0.001). The implantation gion that contains motor pools critical to limb function, unlike the thoracic cord, would allow improved func-of SCs into the injured cervical cord did not significantly improve the ability of the animals to self-support them-tional assessment of the importance of cell implantmediated neuroprotection and provide targets for regen-selves in either position on the incline plane platform (Fig. 7C, D) .
erating axons that are in close proximity to the caudal extent of the lesion/implant site. This would permit the subsequent evaluation of whether growing axons were DISCUSSION able to reestablish connections with motor targets even if axon growth into the contiguous caudal cord was lim-Cellular therapies have been used extensively to repair the injured spinal cord in experimental models of ited in distance.
In the current investigation, we demonstrate that the SCI (105, 106) . The current study explored the restorative potential of SCs when implanted into the injury implantation of SCs (without an additional combination treatment) could substantially reduce progressive cell site at 1 week after severe cervical spinal cord contusion. This first time use of purified, fluid SC implants loss rostral and caudal to the site of injury and act as supportive substrate for the growth of supraspinal axons of functional tests. The current study highlights the ability of SCs to improve anatomical and functional out-that had originated from the reticular formation. GFP SCs exhibited good survival and at 7 weeks after im-comes after severe cervical spinal cord contusion, a clinically relevant model of a common type of human SCI, plantation had formed a substantive bridge across the lesion site. A previous study by our group revealed that and further corroborates the importance of the cell body response in treatment efficacy after SCI. approximately 20% of GFP-labeled SCs originally implanted into the site of a thoracic contusive SCI remain Previous histological evaluation of cervical SCI models has shown that, following injury, the longitudinal for up to 9 weeks after grafting (8,111). Although the SC implants did not improve open-field locomotion in progression of neuronal cell loss occurs over a distance of approximately 2-6 mm within 16 weeks of injury the current study, significant recovery of upper limb strength and forepaw placement was noted on a variety (108,129). Therefore, a contusive injury to the C5 cervi- cal segment would be expected to affect motor neuron 132). These and other SC-secreted factors have been shown to enhance neuronal survival in vitro (6,31,112, pools located in the C4-C6 spinal cord. This is a region containing neurons critical for innervating the shoulders 113,140). Neurotrophic and growth factors are potent antagonists of mechanically induced cell apoptosis (82, (spinodeltoidius) and the upper arms (biceps) as well as the dorsal and ventral aspects of the lower forearms (ex-119) and retard cell death when employed after SCI (38, 143) . In particular, the use of NGF and BDNF after tensor carpi radialis longus, carpi radialis brevis, and flexor carpi radialis) (93) . In the current study, stereo-SCI has been shown to reduce retrograde cell loss after SCI in supraspinal areas such as the red nucleus logical quantification of preserved NeuN+ neuronal perikarya within the C4-C6 region showed that signifi- (83, 100) . Within the injured cord, NT and growth factors have the ability to protect against local tissue dam-cantly greater numbers of neurons were preserved rostral and caudal to the injury site when SCs were implanted.
age, thus augmenting the number of surviving neurons (99) . The neuroprotective efficacy of SCs within the in-Although SC grafting has been previously reported to mediate tissue protection when implanted subacutely in jured spinal cord can further be enhanced when they have been genetically modified to enhance their capacity models of thoracic SCI (110, 138) , this is the first study to demonstrate through stereological cell quantification to produce more neurotrophic factors (95, 153) . SC implants and the associated matrix components methods that specific protection of neurons can be achieved with SC implantation in an incomplete SCI they produce, including laminin, could also protect the injured spinal cord by preventing cyst development, thus model (94) . SCs could prevent injury-induced neuronal cell loss via the secretion of growth and neurotrophic stabilizing the injured spinal cord and reducing mechanical aggravation of the tissue from external movements factors (48, 96) , an alteration of the immune response through specific cell-cell interactions (4,51) and/or via related to respiration, self-ambulation, or caregiver handling (123) . In the current investigation, SC implanta-stabilization of the injured region by their physical presence and the production of an extracellular matrix tion occurred prior to development of the injury cyst, which is generally apparent in injured animals at 4-6 (16, 89) .
SCs express a variety of growth and neurotrophic fac-weeks after SCI in the current (108) and other models (63) . SC grafting is known to reduce spinal cord diame-tors under diverse experimental conditions: brain-derived neurotrophic factor (BDNF) (96), nerve growth factor ter at the injured/implanted segment compared to injuryonly controls (110) . Increased interactions between SCs (NGF) (3,96), glial cell-derived neurotrophic factor (GDNF) (56), and ciliary neurotrophic factor (CNTF) (40, 48, or their accompanying matrices with the surrounding host cord tissue could provide centripetal tension that were also able to act as a conducive substrate for supraspinal axon growth within the injured cervical spinal would be predicted to stabilize and insulate the injured cord from extraneous movement. cord. Previous work has shown that SC grafts, when implanted either immediately or subacutely after thoracic SCs can also positively influence the local environment indirectly by affecting its cellular composition and SCI, are able to support the growth of sensory and proprioceptive axons (24, 55, 109, 138, 151, 153, 154) , but usu-reactivity profile. Infiltrating macrophages are thought to exhibit an altered activation profile within the con-ally facilitate supraspinal axon growth only when additional strategies such as NT supplementation (95, 153) , fines of the injured PNS as opposed to the CNS (4). Their early appearance after PNS injury and robust re-cyclic AMP elevation (110) , methylprednisolone delivery (30), OEG coimplantation (109, 111) , and/or chon-moval of inhibitory myelin components and lipid recycling capacity could possibly provide an environment con-droitinase infusion (46) are employed conjunctively. The support of significant supraspinal axon growth by puri-ducive for subsequent axon regeneration. Within the injured peripheral nerve, SCs play an important role in fied SC implants alone has previously only been achieved when they were used in chronic SCI paradigm (8), a the secretion of growth factors and the stimulation of macrophage infiltration (4, 19, 62) with subsequent re-result analogous to the improved efficacy observed with fetal implants when grafted in the chronically injured moval of myelin debris (51, 75, 136) . The ability of SCs to interact with other cells within the injury milieu and spinal cord (32) . The mechanism responsible for the improved effectiveness of cell grafts in chronic SCI, how-to enhance their ability to modify the extrinsic environment to one more favorable for neuronal survival and ever, is not expected to be the same as the currently observed effect. The ability of cell grafts alone to sup-axon growth, may also play an important role in the ability of SCs to facilitate SCI repair. port supraspinal axon growth within a chronic injury paradigm is not universal; other studies have reported a In addition to providing neuroprotection, SC implants decremental effect when cells were implanted at a later siently expressed within supraspinal regions. For example, cervical lateral funicular hemisection increases time point (65) . This reduction is likely due to the formation of a rigid inhibitory glial scar around the injury GAP-43, tubulin, and neurofilament expression within the neurons of the midbrain red nucleus for a period of site (43, 54) and to the reduction of key indicators of the intrinsic growth capacity of the axotomized neurons 2 weeks postinjury (141) . In the current investigation, SCs were implanted at 1 week following cervical axo-(e.g., decreased levels of RAGs) (21, 128) , thus suggesting the effect observed in Barakat et al. (8) is likely cell tomy, during the expected peak of injury-induced RAG expression. It would be interesting to investigate not graft dependent rather than host dependent.
The failure of SCs alone to permit significant supra-only the temporal expression of RAGs acutely after a cervical contusion with and without SC implantation but spinal axon growth in the injured thoracic spinal cord may be due in part to the intrinsic regenerative proper-also if delayed SC implantation, at a time beyond the expected period of axotomy-induced RAG expression, ties of the neuron. In the current study, the enactment of an axonal injury closer to brain stem neuronal somata such as at 4 weeks, would still be efficacious in promoting reticulospinal axon growth. This later time period and subsequent SC implantation could have promoted regrowth through the additional stimulation of "the cell may also enable the separation of the neuroprotective and growth-promoting actions of SC implants and per-body response" (18, 33, 52, 80) . Richardson et al. (125) demonstrated that when provided with the growth sup-mit identification of which mechanism(s) is/are critical to their ability to promote functional improvement. SCs portive environment of a PN graft, supraspinal axons could regenerate after the PN was implanted into the implanted into a chronic thoracic contusion injury (8) were able to support supraspinal growth to a similar ex-cervical but not the thoracic spinal cord. This suggested that the intrinsic regenerative state of the neuron could tent to that seen here, perhaps supporting the hypothesis that SCs are capable of inducing intrinsic axon growth also be dependent upon the distance of axotomy from the cell body. The enhanced capacity for regrowth af-programs, including possibly RAG expression even at long periods postinjury. forded by an injury closer to the neuronal somata may involve axonal transport. As a result of transporting axo-In addition to a temporal profile, the induction of RAG expression appears to be dependent upon the dis-nally produced proteins across a shorter distance (149) , retrograde injury signaling (57, 58) may more effectively tance between cell body and axotomy. Cervical, but not thoracic hemisection induces expression of GAP-43 and contribute to the rapid upregulation and maintenance of RAG expression (29, 118) . Although not observed with tubulin within the red nucleus (44) . Intracortical (within 300-400 µm of the cell body) but not cervical lesions SC implants alone, supraspinal axon growth across the graft can be achieved in a thoracic injury model with the of corticospinal neurons induces the expression of GAP-43, CAP-23, SCG10, L1, and CHL1 for up to 1 week use of additional treatments, such as the elevation of cAMP (110) that may stimulate the intrinsic cell body (90) . Although the affects of timing and axotomy distance on RAG expression may differ among various su-response. RAGs putatively involved in axon regrowth after SCI encompass a variety of genes, encoding tran-praspinal neuron populations, this intrinsic property appears to be a universal phenomenon. The absence of scription factors, cytoskeletal and cytoskeletal regulatory proteins, cell adhesion molecules and axonal guid-RAG induction and axon growth at greater distances from the cell body is thought to arise from possible ance cues, neurotrophic factors, cytokines, neuropeptides and neurotransmitter-synthesizing enzymes, ion chan-dampening of long-range retrograde injury signaling (18) . At the onset of injury these signaling events are nels, and membrane transporters (44) .
Genes that are associated with axonal growth during electrophysiological (14, 88, 156, 157) and are subsequently followed by retrograde molecular signals (57) in the development such as GAP-43, CAP-43, Sprr1a, actin, and tubulin are among the RAGs that have received the form of transcription factors (57, 76, 81, 120) , cytoskeletal elements (like intermediate filaments) (114) , and acti-most attention in nervous system injury research (57) . The characterization of RAGs that are expressed in neu-vated kinases (including Erk1/2, p38 MAPK, and JNK) (28, 81, 114, 158) that are capable of inducing RAG ex-ronal somata after a cervical compared to a thoracic contusion would be an important undertaking to demonstrate pression and axonal regeneration. In order to determine whether these retrograde signals contribute to supraspi-that an improved axon growth response is accompanied by RAG expression, as has been reported in other models nal regeneration with SC implantation, it would be interesting to compare lesion-induced axon regrowth follow- (50, 57, 118) . Furthermore, comparative examination of RAG expression with SC implants could determine the ing blockade of axoplasmic transport with an agent such as colchicine (70). contribution of cell grafts and/or their modification of the extrinsic injury environment to modulating this in-
The observed improvements in functional outcome after SCI and SC implantation may be attributed to the trinsic growth capacity. Following SCI, RAGs are tran-neuroprotective and/or growth-promoting effects of the axonal sparing occurred and whether unmyelinated axon populations may have played a role in the observed im-SCs within the cervical lesion. Significant restoration of upper limb strength in SC-implanted animals over in-provements in behavioral recovery as the majority of descending tracts have both myelinated and unmyelinated jury-only control subjects was reflected by both an increased duration of suspension on the self-supported axonal projections. Alternatively, improvements in functional outcome could have occurred as a result of the hanging test and a greater force sustained on the grip strength test. Anatomically, forelimb motor pools be-reinnervation of preserved motoneuron targets via axon regrowth rather than the sparing of original connections. tween segments C4-C6 are damaged after a severe C5 cervical contusion injury. Shoulder as well as proximal Here we distinguished axon regrowth from preservation via the quantitative analysis of traced reticulospinal ax-and some distal forelimb musculature are innervated by these segments (93) and thus cervical SCI produces defi-ons that were present within the SC implant/lesion. Although we were unable to substantiate whether growing cits in shoulder flexion and extension, forelimb lifting and rotation, and scapular retraction (53, 61) . The func-axons reentered the caudal cord segment by traversing through the SC implant via the method employed, traced tion of the distal forelimb muscle groups, most significantly the digital flexors, is primarily assessed through reticulospinal axons were found beyond the graft and could presumably have reinnervated preserved motoneu-the clenching of a wire mesh on the grip strength test (2) while evaluation of the strength of shoulder, proxi-ron targets, affording greater functional recovery. To confirm whether reticulospinal reinnervation may have mal, and distal forelimb muscles can be achieved using the self-supported hanging test in which the animals occurred after SC implantation one could compare, on traced C5-C6 motoneuron axons, the immunohisto-freely suspend their weight upon forepaw grasping of a horizontal metal beam (108). Functional forelimb recov-chemical colocalization of markers of new or early synaptogenesis, such as neural cell adhesion molecule D2 ery facilitated by SC implantation after cervical SCI may thus be attributed to the preservation of motoneuron (NCAM-D2) (68) with NCAM-D3, a marker for mature synapses (69) . targets, sparing of existing descending projections, and/ or reinnervation of these proximal motor pools.
The contribution of the reticulospinal tract to the observed functional motor recovery is supported by earlier The greater numbers of preserved NeuN+ neurons located rostral and caudal to the lesion epicenter imply somatotopic electrophysiological studies in cats (41, 42, 116, 133) . After stimulation of the reticular formation, that SC-mediated neuroprotection could have contributed to enhanced functional recovery. Improved preser-EPSPs were recorded from forelimb motoneurons for elbow flexors, mixed wrist and digit flexors and extensors, vation of ventral horn neurons at C4 would be expected to maintain the rostral aspect of the motoneuron col-and elbow extensors (116) , and excitatory responses from the cleidobrachialis and long head of the triceps umns responsible for shoulder and upper forelimb musculature (93) that are important for weight-bearing sup-have also been observed (42). The SC implant-mediated recovery in forelimb strength observed may thus, in part, port (108). Protection at C5 would retain the caudal aspect of the same motoneuron columns in addition to be attributed to the regenerated/spared reticulospinal axons found within and caudal to the graft. The regrowth those involved in hand and digital flexors of the proximal forelimb (93) . The preservation of motoneuron tar-and/or preservation of other descending systems, however, could also have played a key role in the forelimb gets below the level of injury, however, cannot be attributed to the observed functional improvements unless the recovery observed. Myelotomy of the dorsolateral funiculus at the C4 level, disrupting the rubrospinal tract, re-descending axonal pathways responsible for their innervation are likewise intact. Sparing of descending axonal duces digit flexion and grasp impairments associated with a reduction in pellet retrieval performance (130) . systems encompassing the rubro-, reticulo-, vestibulo-, and raphespinal tracts has been shown to correlate well Similarly, cervical or brain stem lesions of the rubrospinal tract in monkeys produces an impaired movement of with behavioral improvements after mild and moderate thoracic contusions in rats (11) . We found statistically the distal forelimb and hand with the loss of digit flexion (74). In addition to the rubrospinal tract, behavioral defi-significant axonal sparing, as assessed by counts of central myelinated axons within the lateral aspects of the cits in skilled forelimb behaviors such as retrieval and reaching are also seen after cervical corticospinal tract spinal cord in which these tracts project (Fig. 3) . Our group and others have previously shown that SC graft-(CST) lesions in rats (2, 72, 77, 146, 147) . It has also been demonstrated that focal lesions of the dorsal or dorsolat-ing promotes significant sparing of central myelinated axons (108) and increases healthy tissue volume after eral columns, both containing CST fibers, results in permanently impaired grasping function (130) . Ventrolat-SCI (138) . The quantification of spared, unmyelinated descending axons, as described previously (46) , may eral funicular spinal cord lesions produce deficits in shoulder flexion and elbow extension, possibly implicat-help to further elucidate the extent to which SC-induced ing vestibulospinal tract involvement in these behavioral model and demonstrates that increases in neuronal cell preservation, support of supraspinal axon regrowth, and changes (130) though further study is required to delineate its specific contribution to forelimb function (146) .
improvements in forelimb function can be achieved when these implants are used alone. Future studies will Future studies evaluating the effects of SC implantation on these systems are required to fully appreciate the con-need to focus on the extrinsic and intrinsic mechanisms by which SCs facilitate the axon growth of supraspinal tribution of this therapy to forelimb functional recovery.
Of note, the improvements in forelimb strength with neuronal populations in relation to the cell body response as well as which factor(s) they produce to foster SC implantation were not accompanied by an increase in open field locomotor ability as assessed using the neuroprotection, functions that are essential to restoring motor and sensory activity after SCI. The investigation BBB score. The BBB rating scale predominately assesses gross hindlimb movements, body weight support, and of combinatorial SC strategies, extensively studied in thoracic models of SCI, also needs to be extended to this forelimb-hindlimb coordination (9) . The contribution of forelimb control to locomotor performance in the BBB clinically relevant and novel model that affords greater resolution of treatment efficacy through the broad array test may therefore only be indirectly inferred from compensation of the hindlimbs, such as through changes in of forelimb behaviors that can be assessed. hindlimb outward rotation, interlimb coordination, trunk ACKNOWLEDGMENTS: We thank Raisa Puzis and Luis stability, and/or weight support (146) . The employment subjects both failed to attain a BBB score higher than 9, Transplantation studies in adult rodents. J. Exp. Biol. 95: a score below the threshold at which forelimb-hindlimb 231-240; 1981. coordination is evaluated. The reticulospinal tract is
